Abstract: Recent reports have shown that a number of xenobiotics in the environment are capable of interfering with the normal endocrine function in a variety of animals. The overwhelming majority of the studies on the effects of hormone-mimetic industrial chemicals were focused on findings in vertebrates. More detailed information about the effects on and mechanisms of action in invertebrates has only been obtained from a few cases, although invertebrates represent more than 95 % of the known species in the animal kingdom and are extremely important with regard to ecosystem structure and function. The limited number of examples for endocrine disruption (ED) in invertebrates is partially due to the fact that their hormonal systems are rather poorly understood in comparison with vertebrates. Deleterious endocrine changes following an exposure to certain compounds may easily be missed or simply be unmeasurable at present, even though a number of studies show that endocrine disruption has probably occurred. The well-documented case studies of tributyltin effects in mollusks and of insect growth regulators, the latter as purposely synthesized endocrine disruptors, are explained to support this view. According to our present knowledge, there is no reason to suppose that such far-reaching changes are in any sense unique. The additional existing evidence for ED in invertebrates from laboratory and field studies are summarized as an update and amendment of the EDIETA report from 1998. Finally, conclusions about the scale and implications of the observed effects are drawn and further research needs are defined.
INTRODUCTION
The hormonal regulation of biological functions is a common characteristic for all animal phyla, including invertebrates. While the basic endocrine strategy to regulate biological processes has been widely conserved [1] , specific components of the endocrine system used in the various systematic groups have undergone significant evolutionary divergence resulting in distinct differences between the various biological taxa. This is especially true for invertebrates exhibiting a wide range of different chemical signaling systems, with some of them being unique to specific phyla. Other invertebrate groups seem to use at least partially (e.g., prosobranch mollusks) or totally (e.g., echinoderms) comparable hormones to vertebrates so that vertebrate-type sex steroids are produced in these groups and play a functional role [2] [3] [4] . Nevertheless, firm evidence of the role of these steroids in the endocrine system of invertebrates is still lacking for most phyla [5] .
The endocrine systems of invertebrates generally regulate the same processes that are found in vertebrates such as development, growth, and reproduction. Because invertebrate species have devel-oped a huge diversity of life histories with characteristic events such as the formation of larval forms, often with a succession of different stages and/or pupation, metamorphosis, diapause or other types of resting stages, which do not occur in vertebrates, it is evident that endocrine systems of invertebrates are considerably more diverse than those found in vertebrates [2] .
As it is virtually impossible to provide a complete overview of the various endocrine systems in invertebrates within the scope of this publication, we will provide a rough outline of generalities. For detailed information the reader is referred to a number of excellent reviews on invertebrate endocrinology [2, [5] [6] [7] . The best-characterized invertebrate hormonal system is that of insects reflecting their economic and ecological significance and especially the need to control insect pests. Much less is known about a number of economically important aquatic groups such as crustaceans and mollusks, and knowledge on the remaining taxa is even more fragmentary.
In general, endocrine systems of invertebrates have not been documented in the same detail as vertebrates, nor have responses of invertebrate endocrine systems to suspected endocrine active substances (EASs) been studied with comparable intensity. Nevertheless, chemicals have been purposely synthesized to disrupt the endocrine system of a number of insects to aid their control. These so-called insect growth regulators (IGRs) were developed to intentionally interact with the hormonal system of these arthropods, acting as ecdysone agonists, antagonists, or juvenile hormone analogs. Perhaps one of the best-documented examples of the occurrence of EASs in the field is provided by tributyltin-(TBT-) induced imposex and intersex in gastropods [8] . The limited number of examples of endocrine disruption (ED) in invertebrates is partially due to the fact that their hormonal systems are poorly understood compared with vertebrates. Endocrine changes following an exposure to certain compounds may, therefore, be missed or simply be unmeasurable, even though some examples illustrate that invertebrates are susceptible to ED. Consequently, there is no reason to suppose that far-reaching changes as demonstrated by TBT and its effects on prosobranch populations are in any sense unique within the invertebrates [8] . Studies on ED in invertebrates are important because invertebrates represent not only more than 95 % of the known species in the animal kingdom, but also provide key species for ecosystem functioning and represent an insufficiently characterized although extremely important part of global biodiversity.
The article will summarize the existing evidence for ED in invertebrates from laboratory studies and field investigations. Because this objective was also covered by the EDIETA workshop some years ago [2] , we will update and amend the information provided in the workshop proceedings.
with biochemical processes associated with the production, availability, or metabolism of hormones or also by the modulation of receptors. Therefore, it is likely that the various endocrine systems in invertebrates are subject to modulation by an unforeseeable number of exogenous compounds. Table 1 summarizes the occurrence of major hormone groups in various invertebrate taxa, based on a number of reviews on invertebrate endocrinology [2, [5] [6] [7] , but without intending to provide a complete list. The majority of invertebrates are not considered in the table because the endocrinology of these organisms remains largely unknown. It is obvious that the perhaps best-understood endocrine systems are those of insects, followed by crustaceans, echinoderms, and mollusks, although the latter are perhaps the most diverse of the invertebrate phyla, being second to the insects in number of identified species. The endocrine systems of the various classes of mollusks and even of major groups of gastropods-prosobranchs, opisthobranchs, and pulmonates-differ greatly, reflecting extreme differences in morphology and life histories. This can be exemplified by the vertebrate-type steroids, which do occur in prosobranchs and play a functional role. In contrast, there is no indication that opisthobranchs and pulmonates use steroids. Recent, still unpublished studies in Japan, Germany, and the United Kingdom demonstrated the occurrence of estrogen and androgen receptors in a number of marine and freshwater prosobranchs and characterized the receptors with regard to ligand-binding and structure (e.g., for Thais clavigera). 
EVIDENCE FOR ENDOCRINE DISRUPTION IN INVERTEBRATES
The issue of ED in invertebrates has found an increasing scientific interest although only a limited number of confirmed cases have been reported. These are dominated by the antifouling biocide tributyltin (TBT) and its effects on prosobranch snails and by IGRs which were designed as EASs for use in insect pest control. The following sections will provide a summary of these confirmed examples of ED and an update of the detailed synopsis from the EDIETA workshop [2] .
Organotin compounds and their effects in mollusks
The effects of TBT on prosobranch snails are one of the most complete examples of an EAS impact on aquatic invertebrates [8] . TBT compounds are mainly used as biocides in antifouling paints, but also in other formulations. They induce a variety of malformations in aquatic animals with mollusks as one of the most TBT-sensitive groups [10] . The first adverse effects of TBT on mollusks were observed in Crassostrea gigas at the Bay of Arcachon, one of the European centers of oyster aquaculture, with ball-shaped shell deformations in adults and a decline of annual spatfall [11] . These effects led to a break-down of local oyster production with marked economic consequences. Laboratory and field analyses revealed that TBT was the causative agent with trace concentrations as low as 10 ng TBT/L in ambient water being effective [10] . Shell deformities in oysters, but also in other bivalves, were successfully applied as a biological marker of TBT effects in subsequent years. Another TBT effect in mollusks was first described in the early 1970s without identifying the organotin compound as the responsible cause at that time: A virilization of female prosobranchs, termed as imposex [12] . Imposex is characterized by the formation of a penis and/or vas deferens on females of gonochoristic prosobranch species and is induced at lower concentrations than all other described TBT effects. Furthermore, it is a specific response of organotin compounds under field conditions. Imposex is known today in more than 150 prosobranch species, summarized in [2] . The gradual virilization of imposex affected females is described by a classification scheme with 6 stages, further divided in up into 3 different types (a-c) [13] having the advantage of being applicable for all affected species worldwide. Females are sterilized in the imposex stages 5 and 6 by a blockade of the pallial oviduct (stages 5a, b; Fig. 1 ) or by a split bursa copulatrix and capsule gland (stage 5c). The first possibility prevents the deposition of egg capsules, resulting in an accumulation of abortive capsular material in the pallial oviduct (stages 6a, b); the second mechanism prevents copulation and capsule formation. In young and sexual immature specimens of some muricid species, a protogyne sex-change can be induced by TBT concentrations, e.g., above 10 ng as Sn/L in Nucella lapillus [14] and above 2 ng as Sn/L in Ocinebrina aciculata [15] .
The classification in 6 stages is the basis of the VDSI (vas deferens sequence index), calculated as the mean imposex stage of a population. It has been shown that imposex intensities, measured as the VDSI in a range of affected prosobranch species, show a highly significant correlation with TBT concentrations in ambient sea water, as demonstrated for the dog whelk in Fig. 2 . Consequently, the degree of coastal TBT pollution can be assessed with high precision by a determination of imposex intensities in prosobranch populations. A further advantage of the VDSI is the possibility to perform comparisons of TBT sensitivities between different species and that the index is also a measure of the reproductive capability of a given population [16] .
The periwinkle Littorina littorea develops a closely related TBT-induced virilization phenomenon, termed as intersex [17] . Intersex-affected females exhibit male features on female pallial organs (inhibition of the ontogenetic closure of the pallial oviduct), or female sex organs are supplanted by the corresponding male formations. Comparably to imposex, the intersex response is a gradual transformation of the female pallial tract, which can be described by an evolutive scheme with four stages [17] . Intersex development restricts the reproductive capability of females. In stage 1, sperm are lost during copulation, and consequently the reproductive success is reduced. Females in stages 2-4 are definitively sterile because the capsular material is spilled into the mantle cavity (stage 2) or the glands responsible for the formation of egg capsules are missing (stages 3 and 4). Due to female sterility, periwinkle populations can be in decline, but are not likely to become extinct because of the planktonic veliger larvae, as long as aqueous TBT levels are not beyond mortality threshold concentrations for the larvae [18] .
The assessment of intersex intensities in periwinkle populations is based on the same principle as described for the VDSI. The intersex index (ISI) is the mean intersex stage in a population. ISI values are highly significantly correlated to ambient TBT concentrations and can therefore be used together with or as an alternative to imposex assessments for the determination of the degree of coastal TBT pol-Endocrine disruption in invertebrates 2211 lution especially in regions with a relatively high level of contamination. In these areas, periwinkles are very common and can be sampled in sufficient numbers because L. littorea (a) is more tolerant of high TBT levels, (b) recruits from the plankton, and (c) can occur in areas where dog whelks have expired. Imposex in dog whelks and intersex in periwinkles have been used as combined biological markers for the convention-wide biological TBT effect monitoring of OSPAR (Oslo and Paris Commissions) [19] . Furthermore, TBT affects the community level and exhibits negative effects even beyond the scale of populations. Waldock et al. [20] analyzed the inter-and subtidal fauna of the River Crouch in a number of subsequent surveys between 1987 and 1992 and compared the results with older reports before the introduction of TBT-based antifouling paints. Overall, directional trends in community level attributed at a number of analyzed stations suggested a moderate improvement in environmental conditions over the sampling period, which was coincident with a marked decline in TBT concentrations at the stations. However, reference to historical data indicated that certain taxa that were previously frequent or common, especially snails, were only rarely recorded or still absent in the 1992 survey.
Much less attention has been paid to endocrine effects of TBT in freshwater ecosystems. The ramshorn snail Marisa cornuarietis and the hydrobiid Potamopyrgus antipodarum exhibit endocrinemediated effects of TBT [21] . The latter and the netted whelk Nassarius reticulatus were used for a monitoring of androgenic activities in sediments of the River Elbe [22] . The majority of sediments exhibited marked androgenic activities and some of them, assigned to the ecological status classes IV and V according to the European Water Framework Directive, caused a maximum increase of imposex intensities in the netted whelk within four weeks.
At the molecular level, TBT interferes with hormone metabolism, most probably by an inhibition of the cytochrome P450-dependent aromatase, increasing the levels of androgens [8, 23, 24] , while findings from the early 1980s showed that TBT inhibits the release of a neuroendocrine factor from the pleural ganglia, which is responsible for the suppression of penis formation in females, thus resulting in imposex development [25] . Although the factor has not been identified, recent results show that an administration of the neurohormone APGWamide can induce imposex in Ilyanassa obsoleta [26] . A possible explanation for these conflicting findings is the hypothesis of an even more pronounced analogy of vertebrate and prosobranch hormonal systems with neurohormones acting as releasing factors in both systematic groups, mediating steroid production and/or metabolism [27] .
It has been accepted that imposex is induced almost typically by TBT [2] , although at least in the marine rock shell Thais clavigera [28] and the freshwater ramshorn snail Marisa cornuarietis [29] not only TBT, but also triphenyltin (TPT) can promote imposex, while in other prosobranchs, such as Nucella lapillus and Nassarius reticulatus, TPT does not induce imposex [29] .
One of the most important lessons to be learned from TBT and its effects in mollusks is that EASs may impact different levels of biological integration from molecules to communities affecting also the survival of populations in the field. Furthermore, the case history of TBT provides evidence that vertebrate-type steroids play an important functional role in a number of invertebrate groups, including prosobranchs.
Insect growth regulators (IGRs) as purposely synthesized EASs
The IGRs were developed to intentionally mimic, block, or otherwise interact with the hormonal system of insects, so that it is not too astonishing that they represent-next to TBT-a second group of xenobiotics which was rated by the EDIETA workshop as a confirmed case for ED. The workshop report [2] summarizes not less than 47 references, mainly laboratory studies but also a number of field investigations with a focus of IGR effects on nontarget species. Most of these studies were conducted with terrestrial species, while possible effects on aquatic insects, e.g., from IGR spray drift or run-off during or after agricultural application received only a little attention.
Ecdysteroid receptor agonists such as tebufenozide, methoxyfenozide, or RH 5849 induce symptoms of hyperecdysonism in terrestrial insects, delayed postembryonic development, and nymphal-adult
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intermediates. Tebufenozide interacts with the ecdysone receptor complex. Paradoxically, even though most insects and other arthropods use ecdysone as a molting hormone, tebufenozide is selectively toxic to the Lepidoptera [30] . Ecdysteroid antagonists such as azadirachtin or KK-42 prevent normal diapause induction, and induce an early termination of diapause or a precocious metamorphosis, while juvenile hormone (JH) analogs, such as fenoxycarb, methoprene, and pyriproxyfen, interfere with egg hatching, larval development, larval-pupal molts, and ecdysis and reduce the fertility and longevity of exposed specimens.
Despite these marked effects in insects, there are major terrestrial invertebrate classes for which there are no apparent data on the impact of IGRs, e.g., earthworms and mollusks. There are also no reported incidents of effects on terrestrial invertebrates of nonpesticidal endocrine disruptors that are present in the environment.
Occasionally, chitin synthesis inhibitors (CSIs), such as diflubenzuron, other benzylphenyl ureas, and related compounds [31] have been misreported as EASs. Although they interfere with molting, an endocrine-regulated process in arthropods, the mechanism of CSI action is purely nonendocrine. CSIs inhibit one of the steps of chitin synthesis selectively. Because this synthesis usually takes place at or during the time of molting, CSIs cause death during the molt, resembling the effects of endocrine-mimicking IGRs, albeit not via an endocrine pathway.
Further cases of endocrine disruption in aquatic and terrestrial invertebrates
Next to the effects of TBT in prosobranchs and of IGRs in insects, a number of further laboratory and field studies have been reported, where compounds exhibited effects on endocrine-regulated processes in marine, freshwater, and terrestrial invertebrates. For the period until late 1998, the EDIETA report [2] summarizes not less than 56 studies in which ED may have occurred although nonendocrine mechanisms are also possible for the observed effects (Table 2) . Table 2 Synopsis of studies, reported in [2] , in which ED may have occurred, although nonendocrine mechanisms are also possible for the observed effects (f, freshwater; m, marine; t, terrestrial; tot, total). The crustaceans represent the systematic group providing the majority of cases of suspected ED shown in Table 2 . While the examples for the aquatic environment are almost balanced between freshwater and marine species, only two studies report comparable effects in terrestrial arthropods.
Since the publication of the EDIETA report, not less than 25 new cases for ED in invertebrates have been published. These are summarized in Table 3 but without the intention of providing a complete list, because unpublished data from currently ongoing research programs for the identification of new suitable test species and sensitive endpoints could not be considered. It is not possible to present and discuss the publications on ED in invertebrates, summarized in Table 3 , in detail, but two general observations should be emphasized: (1) Endocrine-mediated effects of xenobiotics in terrestrial species still constitute less than 10 % of all reports, and (2) although single studies of ED in formerly ignored taxa are available now (e.g., for Porifera, Rotatoria, Tunicata), the overwhelming majority of publications focus on mollusks, crustaceans, and insects, thus continuing the main tendencies in the pre-1999 literature.
CONCLUSIONS ABOUT THE SCALE AND IMPLICATIONS OF EFFECTS
Despite the fact that an increasing number of research projects are investigating ED in invertebrates worldwide and that the published examples of potential effects of EASs in these groups has increased by almost 50 % in the last three years since the EDIETA workshop, the main conclusions are still valid [2] . With the exception of TBT effects in mollusks, which have been associated with a locally severe impact at the community level, and IGRs in terrestrial insects, there are only a few field examples of ED in invertebrates. Nevertheless, it is suspected that there are many more examples for ED affecting invertebrate populations and communities, though still undetected. This assumption is supported by the following indications: (1) The basic mechanisms of chemical signaling systems exhibit a considerable degree of conservatism throughout the animal kingdom [1] so that invertebrate endocrine function should be affected by the same or similar compounds as those of vertebrates [2, 5] . (2) For purposes of pest control, a number of highly effective EASs have been intentionally developed to interfere with the hormonal systems of insects. There is no reason to suppose that such endocrine-mediating properties are unique for the IGRs, but rather reflect the fact that much less research has been undertaken for other invertebrate groups than insects. brates and especially fish as systematic groups for ecotoxicological research and routine analyses many scientists feel familiar with.
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RESEARCH NEEDS
Our ignorance of invertebrate endocrinology is one of the main reasons for the unsatisfactory progress that has been made regarding ED in invertebrates. A further important point is that ED in vertebrates has attracted a higher degree of public and even scientific awareness, which is also reflected by funding resources and other economic circumstances making the general conditions for research with invertebrates less favorable. Nevertheless, the consideration of invertebrates in such research programs potentially offers a wealth of knowledge in understanding comparative and ecological aspects of ED [2] . For these reasons, invertebrates should have a high priority for further research, especially for the development of testing and monitoring techniques:
• More basic research on invertebrate endocrinology is needed, especially for groups that were almost totally neglected in the past (i.e., not considered in Table 1 ).
• Hormone receptors of invertebrates should be identified, cloned, and characterized, facilitating the identification of receptors that are shared by different groups. This would help to develop receptor-binding assays and other in vitro systems as a screening tool.
• Endocrine control of toxicological endpoints in tests should be characterized in more depth so that these endpoints can be used as valid measures for ED.
• New invertebrate tests with endocrine-regulated endpoints have to be developed or existing protocols amended. This will require a broad initiative with a variety of invertebrate assays. In a second step, these tests will have to be validated, including the use of reference compounds and positive controls known to have endocrine-disrupting properties in the systematic groups under investigation.
•
It is important to emphasize that several sentinel species will be required since the endocrinology of invertebrates differs widely among taxa. Therefore, representatives of each phylum are needed.
For the freshwater environment test and monitoring species should at least include Annelida, Mollusca, Crustacea, and Insecta, in the marine environment Coelenterata, Annelida, Mollusca, Crustacea, and Echinodermata, and an even more diverse list of taxa for terrestrial ecosystems.
The current knowledge of valid endocrine-mediated endpoints in invertebrates is too incomplete to design specific monitoring programs for biological effects of EASs, perhaps with the exception of androgenic and estrogenic compounds and their effects in prosobranch snails. Nevertheless, it is obvious that carefully targeted monitoring programs are needed because effects in invertebrates are probably widespread but undetected.
